B
iologic heterogeneity in whole blood donors may contribute to differences in the quality of blood components including red blood cell (RBC) units for transfusion. [1] [2] [3] We have recently demonstrated that genetic and biologic variables, such as race/ethnicity, sex, or age, can significantly modulate RBC predisposition to hemolysis during routine blood banking cold storage, and in response to osmotic or oxidative stress. 4 In addition to genetic polymorphisms, behavioral and other nongenetic factors may contribute to donor-specific differences in RBC characteristics and subsequently to variation in storage stability. For example, repeated phlebotomy in frequent blood donors may severely deplete iron stores and subsequently interfere with normal erythropoiesis. 5, 6 Recent investigations of frequent blood donors have focused primarily on preventative care against iron deficiency anemia, [7] [8] [9] [10] [11] [12] with limited understanding regarding the impact of frequent donations on RBC characteristics and resilience to cold storage. Various laboratory tests used to diagnose iron deficiency anemia have identified iron depletion in frequent blood donors with substantial changes in RBC phenotype, such as the formation of RBCs with low mean corpuscular hemoglobin and mean corpuscular volume. 13 However, certain donors exhibit exceptional recovery in response to frequent donations with no apparent impact on RBC indices. These "super donors" 14 may donate whole blood every 56 days, the allowed minimum interval for blood donations in the United States, for several years without deferral for low hemoglobin or hematocrit. 15 Although the impact of intensive donations on RBC storage stability and transfusion efficacy has not been established in humans, a comparable study in mice has associated frequent phlebotomy with iron-deficient erythropoiesis and reduced 24-hour posttransfusion recovery of stored murine RBCs. 16 In the present study, we evaluated the associations between frequent whole-blood donations and RBC predisposition to hemolysis in 13,403 blood donors from the National Heart, Lung and Blood Institute (NHLBI) Recipient Epidemiology Donor Evaluation Study (REDS)-III Red Blood CellOmics (RBC-Omics) study. An overarching goal of the RBCOmics study was to define genetic, biochemical, behavioral, and metabolic bases for donor-specific differences in RBC storage stability and iron metabolism. 4 We report evaluations of donor demographics associated with frequent blood donations and quantify the impact of prior donations with or without iron intake on three measures of hemolysis, including spontaneous end-of-storage hemolysis and responses of stored RBCs to osmotic and oxidative stress.
MATERIALS AND METHODS
Protection of human subjects RBC-Omics was conducted under regulations applicable to all human subject research supported by federal agencies. In addition, we recruited a group of 1976 high-intensity donors, who met the specific criteria of nine or more successful blood donations in the prior 24-months without a low hemoglobin deferral. The overall study design is illustrated in Fig. 1 . Demographic data, such as ethnicity and sex, were collected directly from enrollment interviews and recorded in the RBC-Omics Study Management System database. Additional demographic data, including weight, height, and date of birth, as well as the donation history were derived from the blood centers' routine donor/donation databases and linked through donor identification, donation date, and donation identification number. Donor age at time of the enrollment donation was derived by calculating the difference between enrollment date and donor date of birth. A biological specimen inventory was used to track biospecimens.
Assessment of iron supplements intake
Consumption of iron supplements in RBC-Omics was assessed by a questionnaire, for which blood donors were asked to report whether they had taken any multiple vitamins with iron or other iron supplements in the past 30 days, the frequency of iron-containing supplements intake (e.g., daily, weekly), and whether they had increased their iron intake after blood donation.
Blood components
Whole blood units collected at participating blood centers were processed according to each center's standard operating procedures. An aliquot of whole blood was collected into 10 mL ethylenediaminetetraacetate retention tubes for the determination of complete blood count using automatic cell counters, and for plasma ferritin levels (ng/mL) determined by batch testing of frozen plasma samples using a quantitative latex agglutination assay on a chemistry analyzer (AU680 Chemistry System, Beckman Coulter). Each whole blood unit was filtered to generate a leukoreduced RBC unit in additive solution-1 or 3. A representative portion (10-15 mL) of RBCs from each leukoreduced RBC unit was then sterile transferred into a customized transfer bag (Haemonetics) created specifically for this study. These transfer bags were made from the same materials as the parent RBC storage bag. Validation studies demonstrated strong correlations in storage outcomes between the parent and the transfer bags. 17 The leukoreduced RBC parent units were released for distribution for transfusion, whereas the transfer bags were sent to RBC-Omics testing laboratoriess (University of Pittsburgh and Blood Systems Research Institute).
RBC hemolysis assays
All transfer bags were stored under routine blood bank conditions (1-6 C) for 39-42 days, after which the content of each bag was transferred into a 15 mL conical tube and two aliquots (1 mL) were processed immediately for the hemolytic assays. One aliquot was used for the quantification of spontaneous storage hemolysis and the other for the stress-induced hemolysis assays as described before. 4 Percent end-of-storage hemolysis was determined according to the following equation:
Sample hematocrit was determined by collecting blood samples into capillary tubes, which were centrifuged in a micro-hematocrit centrifuge (LW Scientific). Hb supernatant refers to the levels of free hemoglobin obtained after centrifugation (1500 g, 10 min, 18 C) measured in the supernatant.
Hb total refers to the total amount of sample hemoglobin before centrifugation. In the entire study, hemoglobin concentrations (micromolar) were determined by the Drabkin method. 18 For the evaluation of stress-induced hemolysis, stored RBCs were washed (1500g, 10 min, 18 C) three times with phosphate-buffered saline to remove plasma and additive solution, and immediately subjected to osmotic or oxidative stress assays. 
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Statistical analyses Descriptive statistics
To account for center-specific difference in RBC production procedures between hubs, hemolysis measures were adjusted for site-specific effects as in the paper in Kanias et al. 4 Mean storage, osmotic, and oxidative hemolysis, along with standard errors of the mean estimations were estimated stratifying by donation history and sex ( Fig. 3 ), by donation history and age (Fig. 4) ; by donation history, sex, and iron intake (Fig. 5) ; and by donation history and raceethnicity group (Fig. S1 , available as supporting information in the online version of this paper) using R statistical software version 3.3.1. 21 Univariate analyses were conducted to compare the mean hemolysis and ferritin differences between first-time/frequent donors to each of the donation frequency bins for male and female ( Fig. 3) , and for young donors (< 21 years old; Fig. 4 ). Univariate analyses were also conducted to compare the mean hemolysis and ferritin differences affected by iron intake stratified by donation history and sex (Fig. 5 ). Asterisks represent statistically significant differences in mean hemolysis and ferritin (p < 0.001). However, since univariate statistical analysis does not account for the effect of other covariates, we report only p values from the multivariate analysis throughout the manuscript. Visuals and graphs were produced by the ggplot2 package in R. 22 
Impact of frequent blood donations in young donors on hemolysis in stored RBCs
A total of 27 donors younger than 21 years old who donated five or more times in the prior 24 months enrolled in the study. This provided the opportunity to evaluate the effect of frequent blood donation in young donors. Differences in hemolysis between young and older frequent donors were compared using the t test because of the small sample size and consequent limited degrees of freedom in statistical tests.
Association between donation history and measures of hemolysis
Evaluation of the association between donation history and each hemolysis measurement was performed by multivariate linear model regression analysis using several covariates. Donation frequency was divided into four groups: zero (first-time donors and reference), one to four, five to eight, and nine or more donations 24 months prior to enrollment into this study; age was divided into 5-year bins; selfreported race/ethnicity and sex were indicator variables with white females as reference. Ferritin levels were analyzed as continuous measure. The reference groups were white, female, first-time donors, under 21 years of age, and no self-reported intake of iron supplements. Odds ratios and significances for each factor were calculated in the presence of the other covariates (Table 3) .
Multiple comparison adjustment
To account for the fact that we performed multiple statistical tests in the manuscript (Table 3) , and to keep the overall Type I error rate below 0.05, we determined tests with p values less than 0.001 to be statistically significant.
RESULTS
Race/ethnicity, sex, and age associations with donation frequency
Of the 13,770 consented donors, 13,403 (97%) provided sufficient samples and data for inclusion in the present analysis (further information regarding the study design and population was published by Endres-Dighe et al. 23 ). Participant sex and racial-ethnic distributions stratified by donation history are summarized in Table 1 . Donors from both sexes were equally represented in RBC-Omics (50.3% females and 49.7% males). White donors constituted the large majority of subjects who donated nine or more whole blood units in the 24 months prior to study enrollment. Frequent blood donations (five or more donations in the prior 24 months) were more prevalent in male donors across all racial/ethnic groups. For example, 14.6% of African-American male donors compared with 8.5% of African-American female donors gave five or more donations in the prior 24 months. Older male and female donors of all racial/ethnic groups were more likely to be frequent donors than younger donors ( Table 2 ). The average age of all donors with prior history of nine or more donations was 56.1 AE 5.0 years versus 35.4 AE 3.3 years in first-time donors and 39.4 AE 4.6 years in donors with one to four prior donations (Fig. 2) .
Impact of donation frequency, race/ethnicity, and sex on hemolysis and ferritin in stored RBCs
Frequent blood donations in male or female donors were associated with enhanced resistance to AAPH-induced oxidative hemolysis in both sexes (Fig. 3A) . This effect was evident by comparison with the average oxidative hemolysis observed among male and female donors with no prior donations (38.8 AE 9.5%) to those with nine or more donations (34.1 AE 9.9%; p < 0.0001). Conversely, no significant associations were observed between frequent blood donations and the amount of osmotic or storage hemolysis ( Fig. 3B and 3C ). Donor ferritin levels were inversely correlated with donation frequency in both sexes, with the decline in ferritin greater in male donors (Fig. 3D ). Frequent blood donations had a similar impact on RBC storage or stress hemolysis across all race/ ethnicity groups. Thus, no race-specific differences in the response to multiple donations were detected (Fig. S1 ). The levels of storage, oxidative and osmotic hemolysis in each donation frequency category are summarized in Table S1 .
Impact of frequent blood donations by young donors on hemolysis in stored RBCs
High-intensity donations (five or more donations in the prior 24 months) in younger donors (<21 years) were FREQUENT DONATIONS ALTER HEMOLYSIS associated with increased susceptibility to AAPH-induced oxidative hemolysis ( Fig. 4A ; n = 17 donors) and enhanced resistance to osmotic hemolysis ( Fig. 4B ; n = 25 donors). These responses to frequent donations were notably different from donors older than 21 years, whose RBCs exhibited an inverse response to five or more donations (i.e., decreased levels of oxidative hemolysis and increased levels of osmotic hemolysis). This same analysis did not reveal age-specific differences in spontaneous storage hemolysis (Fig. 4C) .
Impact of oral iron supplement use in donors on RBC hemolysis
Consumption of iron supplements in male and female donors was associated with reduced levels of AAPH-induced oxidative (Fig. 5A ) hemolysis at all donation frequency categories suggesting that the effect of iron supplements on oxidative hemolysis was independent of donation history. A similar trend was observed with osmotic fragility, for which iron consumption was associated with lower levels of osmotic hemolysis in male donors with a donation history of one to four and five to eight units, and in female donors with zero to eight prior donations. No effect of iron supplementation was seen on storage hemolysis. Small increments in ferritin levels were observed in male donors at the extremes of donation history categories (i.e., zero and nine or more), and in female donors at all donation history categories (Fig. 5D) as reported before. 6 Multivariate analyses of donor demographics associated with hemolysis A multivariate linear model was developed to determine the impact of frequent blood donations on each hemolysis endpoint. 4 This model was adjusted for confounding variables including donor sex, age, race/ethnicity, ferritin, and iron supplements ( Table 3 ). The betas in Table 3 represent the change in the hemolysis measure per unit change of the variable in question compared to the reference value. For example, each increment in ferritin concentration was associated with increases in the rates of oxidative, osmotic, or storage hemolysis by 0.007%, 0.01%, and 0.0003%, respectively. Among the three hemolysis measures, only oxidative hemolysis was associated with frequent donations, as evident by the negative association with increasing number of prior donations in the past 2 years, evident at less frequent donation frequencies but becoming significant at nine or more donations. Significant negative associations were also observed between oxidative hemolysis and older age The same analyses demonstrated that average osmotic hemolysis in male RBCs was about 4.1% higher than in females, and osmotic hemolysis was negatively correlated with iron intake and with African American or Asian race/ ethnicity. Storage hemolysis was significantly (all, p < 0.0001) and positively associated with male sex, older age (>65 years), and with Asian or Hispanic race/ethnicity.
DISCUSSION
Frequent blood donors are essential to maintain a stable supply of RBCs and other blood components for transfusion therapies. 24 As each blood donation removes about 200 to 250 mg of iron, frequent donations over short time intervals expose many blood donors to various health risks related to iron deficiency, such as fatigue, anemia, pica, and restless leg syndrome. 5, 25 Although ferritin levels progressively decline in response to frequent blood donations, key new findings from this study demonstrated that frequent donations also alter stored RBC susceptibility to oxidative hemolysis and may have a specific impact on young-donor RBC susceptibility to osmotic and oxidative hemolysis. Furthermore, we demonstrated direct associations between donor ferritin concentrations and hemolysis, and that predisposition to osmotic or AAPH-induced oxidative hemolysis may be modulated by iron intake. Frequent donors enrolled in this study were likely to be white, male, and of older age. Female frequent donors were also likely to be of older age and white. These characteristics of frequent donors are similar to recent reports from the Biomedical Excellence for Safer Transfusion (BEST) study of donation patterns in the United States 26, 27 and an assessment of frequent blood donors in Australia. 24 Of note, the current study included a cohort of 1976 non-Hispanic white donors categorized as high-intensity donors (Fig. 1) , who comprised the majority of frequent donors with a history of nine or more donations in the prior 24 months. The sex dichotomy in donation frequency is likely related to differences in susceptibility to donation-induced iron deficiency and subsequent low hemoglobin deferral, 28 which is most common in women who have depleted iron stores from menstruation and pregnancy. The amount of spontaneous storage hemolysis and osmotic hemolysis varied among the four categories of donation frequency but these differences were not observed in the multivariate model. These observations suggest that frequent blood donations have no apparent impact on RBC membrane integrity or osmotic fragility. By contrast, we found a negative correlation between donation frequency and RBC susceptibility to AAPH-induced oxidative hemolysis. The mechanism behind this phenomenon is not clear and requires further evaluation of the consequences that frequent blood donations and iron deficiency impose on RBC antioxidant capacity and rheological properties. Donor age is another factor that can modulate RBC predisposition to AAPH hemolysis. 4 While RBCs from young frequent donors (<21 years old; Fig. 4A ) exhibited increased susceptibility to AAPH hemolysis, older donor RBCs (>60 years old in particular; Table 3 ) were relatively resistant to this stressor. Therefore, further investigations should consider age as a significant modifier of hemolysis in stored RBCs. We have recently reported sex-and race-specific differences in predisposition to hemolysis in the RBC-Omics cohort. For example, RBCs from African American donors exhibited enhanced resistance to osmotic hemolysis, whereas male sex was associated with increased susceptibility to storage and stress hemolysis. 4 The current analyses suggested that the sex and race/ethnicity differences in hemolysis were independent of prior donation history, as they were observed across all donation categories. In contrast, our evaluations of age-specific alterations in response to frequent donation (five or more in the prior 24 months) found that RBCs from younger (18-21 years old) donors with frequent prior donations exhibit increased susceptibility to oxidative hemolysis and resistance to osmotic stress. The biochemical mechanisms that underlie such changes in hemolytic profile are unclear but may be related to iron deficiency and stress erythropoiesis in teenage donors, who are at greater risk of adverse reactions in response to frequent blood donations. 29 Of note, these analyses did not reach our stringent definition of statistical significance (p < 0.001), as they were based on a limited number of young high-frequency donors (n = 17 in oxidative hemolysis and Female  Male  Female  Male  Female  Male  Female  Male  Female  Male   0  399  280  406  456  923  751  298  179  172  134  1-4  397  357  273  312  1567  1262  275  172  121  110  5-8  66  80  53  96  890  940  34  45  29  38  9+  8  29  8  20  792  1369  8  13  18  23  Sum  870  746  740  884  4172  4322  615  409  340  305 n = 25 in osmotic hemolysis); therefore, further evaluations to assess the impact of frequent blood donations on young adult RBC characteristics and storage stability are needed. Based on the multivariate analysis, oral iron supplements were associated with reduced oxidative and osmotic hemolysis, an unexpected finding given the positive association between hemolysis and donor ferritin levels reported in Table 3 . Iron supplements were also associated with minor increases in plasma ferritin observed primarily in frequent donors. Contrary to intervention studies that demonstrated the effectiveness of oral iron supplements (19 or 38 mg) on donor iron stores and ferritin levels, 7, 30, 31 the minimal effect observed in this multivariable analysis may be related to use of a linear regression model, which analyzed ferritin across the entire ferritin range, rather than the logistic models used in the previous analyses, which emphasized the likelihood to have low ferritin levels (<12 ng/mL or < 26 ng/mL). It is also possible that these donors had less effective self-directed consumption of iron supplements or, perhaps, incorrectly answered the questions about iron supplement use on the survey. Another possible explanation is that the changes observed in predisposition to hemolysis may have resulted from the action of vitamins or antioxidants in multiple vitamin pills rather than the iron content. Unfortunately, the survey did not allow differentiation between taking multivitamins with iron or separate iron supplements. Based on the multivariate analyses, a history of nine or more donations in the prior 24 months and older age (>60 years) was significantly (p < 0.0001) and negatively associated with oxidative hemolysis. Conversely, prior donations had no significant impact on storage or osmotic hemolysis, suggesting that frequent donations primarily impact the RBC response to oxidative stress. The same analyses revealed positive associations (p < 0.0001) between storage or stress hemolysis and donor plasma ferritin. These associations suggest that ferritin levels could predict RBC susceptibility to hemolysis in cold storage; however, further evaluations are required to determine the interactions between ferritin, iron, and hemolysis.
The findings presented in this study are limited to in vitro measurements of hemolysis in stored RBCs and ferritin measurement in donor plasma. Additional peripheral blood testing to assess donor iron status was not performed because tests such as soluble transferrin receptor, transferrin saturation, and total iron-binding capacity add little to ferritin alone for assessment of iron status. 32, 33 Further, blood donors are a healthy population with little underlying inflammatory disease that may cause the ferritin test to be an insensitive indicator of iron stores.
In the absence of rigorous clinical studies that would evaluate transfusion outcomes, our current understanding of possible patient outcomes is limited to animal studies [34] [35] [36] or to retrospective studies that linked donor characteristics with the risk of transfusion-related mortality. [37] [38] [39] [40] With regard to frequent blood donations, a recent study demonstrated that RBCs produced by mice with mild iron deficiency have greatly decreased survival following storage and transfusion. 16 Several prospective and ongoing studies by this group and others are in progress to investigate the impact of donor characteristics (sex, donation history, iron repletion therapy) on autologous RBC recovery and survival and patient outcomes following allogeneic RBC transfusions. For example, we have identified patients who received RBC units from RBC-Omics donors, and for whom the REDS-III program has recipient outcome data, including pre−/posttransfusion hemoglobin increments, in the linked donor-recipient database. [41] [42] [43] In addition, subsequent studies are planned that will recall selected RBC-Omics donors with extremes of hemolysis parameters or identified genetic polymorphisms that were identified in our genome-wide association study to determine in vivo RBC survival based on biotin labeling [44] [45] [46] and transfusion of autologous stored RBC samples.
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